Carbon capture is a promising technology for carbon dioxide (CO 2 ) removal from large stationary CO 2 sources. The effects of carbon dioxide capture process on output efficiency of fossil power plants were investigated. Supercritical pulverized coal and integrated coal gasification combined cycle (IGCC) were assumed as model coal-fired power plants for this investigation. Heat-driven and pressure-driven CO 2 capture processes such as chemical absorption and physical adsorption were assumed for CO 2 capture process. In this study, these technologies were evaluated and compared under the unified basis and conditions by using the commercial process simulator. For IGCC plant, the efficiency penalty by installing water-gas shift reaction was also investigated. Gross and net power generation, efficiency and the efficiency penalty by CO 2 capture process were calculated. Heat duty for CO 2 capture process and CO 2 compression conditions were varied, and those effects on the efficiency penalty were obtained. The results provide a guideline for development of CO 2 capture process of power plants.
Introduction
In working group I contribution to the fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC), it is reported that "Warming of the climate system is unequivocal, and since the 1950s, many of the observed changes are unprecedented over decades to millennia" (IPCC, 2013) . Several scenarios which reduce the carbon dioxide (CO 2 ) emission and stabilize the global climate change are proposed, such as the 450 scenario and the 550 scenario. The 450 scenario can control the average temperature rise within 2 °C by stabilizing the CO 2 concentration in the atmosphere for 450 ppm. In the scenario, 14 GT/y of CO 2 emission must be reduced in 2030. To reduce the CO 2 emission, it is suggested to use renewable energy, biofuels, nuclear power and carbon capture and storage (CCS), as well as energy saving. CCS is expected to remove 2 GT/yr of CO 2 emission (IEA, 2009) . CO 2 is generated by various human activities, such as electricity and heat producing, manufacturing, transport etc. The CO 2 from electricity and heat generation and manufacturing are typically emitted from large exhaust stacks, and they can be described as large stationary sources. The large stationary sources represent potential opportunities for the addition of CO 2 capture plants. The properties of each CO 2 -containing gas is different, while the CO 2 partial pressure is important for CO 2 capture. Coal for power generation is primarily burnt in pulverized-coal (PC) boilers producing an atmospheric pressure flue gas stream with a CO 2 partial pressure of up to 0.014 MPa. The newer and potentially more efficient integrated coal gasification combined cycle (IGCC) technology has been developed, and CO 2 partial pressure of CO 2 capture target gas is up to 0.014 MPa (post combustion) or 1.4 MPa (pre combustion) (IPCC, 2005) . for higher CO 2 partial pressure. The combination of heat and pressure-driven CO 2 capture process such as MDEA process is also evaluated. From the point of view of development of CO 2 capture process, it is important to estimate the efficiency penalty of power plants.
There are many studies which analyze the effect of operating conditions of CO 2 capture process on power plant efficiency (Abu Zhara, 2011; Cifre, 2009; Goto, 2013; Strube, 2011) . However, the relationship between heat and energy duty of CO 2 capture process and compressors on the efficiency of the power plants is not cleared yet.
In this study, PC and IGCC power plants were modelled by using a process simulator. The effect of properties of CO 2 capture process on power plant efficiency was investigated under the unified basis and conditions, such as coal property, efficiency of compressors or pumps etc. For IGCC plant, the efficiency penalty by installing water-gas shift reaction was also investigated. Gross and net power generation, efficiency and the efficiency penalty by CO 2 capture process were calculated. Heat duty for CO 2 capture process and CO 2 compression conditions were varied, and those effects on the efficiency penalty were obtained.
Development of Process Simulation Models
A commercial process simulator Aspen Plus 7.3 was used for the process modelling of power plants. The design basis of PC and IGCC power plant was referred from literature (NETL, 2007) . The design coal was bituminous (Illinois No. 6) as shown in the reference. The high heat value (HHV) and low heat value (LHV) of the coal is 27,113 KJ/kg and 26,151 KJ/kg, respectively.
PC Power Plant
For the development of PC power plant with CO 2 removal, "Case12 PC with supercritical case" in the NETL report was referred (NETL, 2007) . Process flow diagram of the PC power plant is shown in Figure 1 . Pulverized coal was supplied to the burner. In this burner, steam was generated and was supplied to steam turbines. The steam turbines consist of high-pressure (HP), intermediate-pressure (IP) and low-pressure (LP) turbines as shown in Figure 2 . The steam temperature generated by the heater was 593 °C and the pressure of superheated steam was 24.1 MPa. The flue gas from the burner was treated by selective catalytic reduction (SCR), bag filter and flue gas desulfurization (FGD). Finally, CO 2 was removed from the gas and treated flue gas was released from the stack. The separated CO 2 was compressed and liquefied by compressors to sequestration-ready pressure, 15.2 MPa. The details of CO 2 compression process and steam turbines are described in 2.3 and 2.4. Process flow diagram of the IGCC power plant is shown in Figure 3 . Coal was supplied to gasifier and transferred to CO and H 2 . The gas was treated by de-SOx reactor and burned in gas turbine engine. The gas turbine engine drove electric generator. The flue gas from the gas turbine was sent to heat recovery steam generator (HRSG) and generate steam which drove steam turbines. The steam temperature from the heater was 538 °C and the pressure of superheated steam was 12.4 MPa. The steam turbines drove electric generators. The fluegas was then sent to stack and emitted to the air. Process flow diagram of the IGCC power plant with CO 2 capture is shown in Figure 4 . For CO 2 capture case, gasified coal (CO and H 2 ) was treated by water-gas shift reactor, in which CO reacted with H 2 O and yielded CO 2 and H 2 . Then CO 2 was removed in CO 2 capture process (shown as Selexol Unit in Figure 4 ) and liquefied by compressors. The treated gas was burnt in gas turbine engine, yielding hot flue gas. The flue gas was sent to HRSG. The steam temperature from the heater was 566 °C and the pressure of superheated steam was 12.5 MPa.
Generally CO 2 capture from IGCC power plant is performed from the water-shifted gas, and it is called pre-combustion capture. On the other hand, IGCC power plant without CO 2 capture process does not contain water-shift reactor. In this study, post-combustion capture from such process was also estimated. CO 2 partial pressure before CO 2 capture is 1.2 MPa for pre-combustion process and 0.0076 MPa for post-combustion process. Chemical absorption solvent or temperature swing adsorption (TSA) process was estimated for the CO 2 capture process and was driven by applying heat to the sorbents. In this study, the detailed reaction in CO 2 capture process such as the reaction of CO 2 with chemical solvents or adsorbents was not considered. It was estimated that CO 2 was separated by applying some amount of heat. The provided heat is consumed for reactions, temperature increase, steam generation, and so on. In this study, such a breakdown was not considered and a total heat requirement was considered for sensitivity analysis. The heat required for CO 2 capture was supplied by bypassing steam from the inlet of LP turbine. The steam was estimated to be cooled to 110 °C in the CO 2 capture process. 90% (for PC) or 95% (for IGCC) of CO 2 from the flue gas was captured. CO 2 was flashed in 0.16 MPa from CO 2 capture process and sent to CO 2 compressor.
Pressure-Driven CO 2 Capture Process
Physical absorption solvent, pressure swing adsorption (PSA) and membrane separation process are CO 2 capture process driven by pressure difference. In this process, detailed separation mechanism in CO 2 capture process such as CO 2 absorption, adsorption or membrane transparent was not considered and the outlet pressure of CO 2 capture process was considered as well as that of heat-driven CO 2 capture system. The pressure difference was generated by a pump or compressor driven by electricity generated at the power plant, and was combined with CO 2 compression process.
Heat and Pressure-Driven CO 2 Capture Process
In heat-driven CO 2 capture process, CO 2 was released under higher partial pressure than that of CO 2 source. It is expected that combination of CO 2 capture process operated by heat and pressure may reduce the efficiency penalty. Parametric study of heat required to separate CO 2 and inlet pressure on CO 2 compressor on efficiency penalty of the power plant was carried out from the results obtained in 2.3.1 and 2.3.2.
CO 2 Compression
CO 2 separated in the CO 2 capture process was pressurized to 15.2 MPa, so that it could be transferred to the sequestration site by pipeline. CO 2 compressors were connected in series as shown in Figure 5 . The compression conditions are listed in Table 1 , which were also referred from a literature (NETL, 2007) . The compressed CO 2 was cooled to 52 °C (125 °F) between each compressor except the first and second stage (32 °C or 90 °F). The power consumption of the first stage was smaller than the other compressors because it worked as a liquid pump. For the conditions that the inlet pressure was lower than 0.16 MPa, additional compressors were added so that the pressure difference of inlet and outlet would be less than 2.2 times. Figure 6 . It shows good relation to semi-log plot and the fitting result is shown in Equation (1).
w CO2 = −26.37 ln(P CO2 ) + 58.16 (1) Figure 6 . Relation between CO 2 inlet pressure (P CO2 ) and compression energy (w CO2 ), outlet pressure = 15.2 [MPa]
Variations of Process Model Calculation
Power generation and efficiency of the power plants were calculated and verified with reference data. Generated power Ẇ [kW] and efficiency η (net, gross) [%] are calculated by following equations: Vol. 4, No. 2; 2014 η gross = (Ẇ gross × 3.6) / coal × 100 (3)
Where coal is thermal input to the plant by coal combustion [GJ/h], 3.6 is a conversion factor from kW to GJ/h. CO 2 recovery ratio was 90% for PC case and 95% for IGCC cases, therefore
The data are shown in Tables 2-4. It was confirmed that the calculated data show good agreement with those reference data (NETL, 2007). 
Results

CO 2 Capture Energy (Heat)
PC Power Plant
The effect of steam extraction on efficiency of PC power plant was estimated. The steam conditions which entered to LP turbine was 414.9 °C, 0.949 MPa, 1,980,000 kg/h and its enthalpy LP-in was −25,003 GJ/h. The enthalpy will be −30,631 GJ/h when it was supplied to CO 2 capture process and cooled to 110 °C ( 110 ). Thus the maximum CO 2 capture energy to the CO 2 capture process ( cap-max ) was calculated as;
CO 2 recovered amount (ṁ CO2 ) of this condition was 568.6t/h, from 
Power generation by an LP turbine (Ẇ gen ) was 339,160 kW, and it was 17.5% of total thermal input to this process ( coal = 6,958,520 [GJ/h] =1,932,922 [kW], LHV).
Efficiency penalty ∆η [%-point] was defined as the difference between the net efficiency with (η net-w/ CO2cap ) and without CO 2 capture process (η net-w/o CO2cap ). In this condition, ∆η was 17.5% when heat duty for CO 2 capture was 9.90 GJ/t-CO 2 . The calculations are summarized in The effect of steam extraction on efficiency for post-combustion CO 2 capture for IGCC power plant (i.e., without water-gas shift reactor) was also examined, and the results are shown in In this condition, the relation between CO 2 capture energy per CO 2 mass (q cap [GJ/t-CO 2 ]) and efficiency penalty (∆η [%] ) is given by following equations.
3.1.3 IGCC Power Plant (Pre-Combustion) CO 2 capture from pre-combustion CO 2 capture from IGCC (i.e., with water-gas shift reactor) was considered. Calculation results are shown in Table 7 . The power generated in steam turbines was smaller than that of the post-combustion case because water-gas shift reactor consumes energy. 
CO 2 Capture Energy (Pressure)
As discussed in 2.4, there is a linear semi-log relation between CO 2 compression energy and CO 2 inlet pressure to the compression process. The CO 2 compression energy w CO2 can be converted to efficiency penalty ∆η for PC and IGCC (post and pre-combustion CO 2 capture) processes by following equation.
The y-axis intercept and constant of proportionality of Equation (1) are converted as shown in Table 8 . 
Discussion
CO 2 Capture Energy (Combination of Heat and Pressure)
The results obtained in 3.1 and 3.2 were combined and the efficiency penalty (∆η) was obtained as a function of CO 2 capture energy (q cap ) and CO 2 inlet pressure for compressors (P CO2 ). For PC with post-combustion CO 2 capture, the relation was obtained from Equation (8) and Table 8 , and is expressed as Equation (14) Δη = 1.75 q cap − 0.765 ln(P CO2 ) + 1.69
The relation is plotted in three-dimensional graph shown in Figure 7 . For IGCC with post-combustion CO 2 capture case, the efficiency penalty (∆η) was obtained from Equation (9), (10) and Table 8 , and is expressed as Equations (15), (16) 
www.ccsenet.org/eer Energy and Environment Research Vol. 4, No. 2; 2014 Figure 8. Relation between CO 2 capture energy (q cap ), CO 2 inlet pressure for compressors (P CO2 ) and efficiency penalty (∆η) for IGCC with post-combustion CO 2 capture
For IGCC with pre-combustion CO 2 capture case, the efficiency penalty (∆η) was obtained from Equations (11), (12) and Table 8 , and is expressed as Equations (17), (18) and Figure 9 . Figure 9 . Relation between CO 2 capture energy (q cap ), CO 2 inlet pressure for compressors (P CO2 ) and efficiency penalty (∆η) for IGCC with pre-combustion CO 2 capture
Comparison With Other Studies
The comparison of efficiency penalty reported in other studies with calculation by this study is summarized in Table 9 . The calculated results show a good agreement with the reference data. 
The Effect of Water-Gas Shift Reaction on Efficiency in IGCC
The difference in efficiency of post-and pre-combustion CO 2 capture was considered. The difference in those processes was the existence of water-gas shift reaction. There was 5.6%-points of difference in the gross efficiencies of without CO 2 capture (Table 3) and pre-combustion CO 2 capture (Table 4) case. This was attributed to the loss of water-gas shift reaction. In case 6 or pre-combustion case, the compression energy of CO 2 was 24,288 kW, which corresponds to 0.4%-points of efficiency penalty. Therefore the total efficiency penalty by CO 2 capture and compression will be 6.0%-points. Therefore, Equation (15) 
By solving the equation, the condition for the case 5 which would be lower than the efficiency penalty in Case 6 was obtained as Figure 10 . Therefore, it can be concluded that the efficiency of IGCC with post-combustion CO 2 capture will be better than that of IGCC pre-combustion process if the CO 2 capture process which satisfies the painted region in Figure 10 of CO 2 capture energy and CO 2 inlet pressures to CO 2 compressor. Figure 10 . Relation between CO 2 capture energy (q cap ), CO 2 inlet pressure for compressors (P CO2 ) and efficiency penalty (∆η) for IGCC with pre-combustion CO 2 capture
Conclusion
The effects of carbon dioxide capture process on output efficiency of fossil power plants were investigated aiming to obtain a performance guideline of CO 2 capture process for coal-fired power plants. The power plant models were developed by using a commercial process simulator Aspen Plus 7.3 and plant data reported from NETL. It was found that the efficiency penaltyΔη [%-point] The calculated results were compared with the reference data, and they showed a good agreement.
For IGCC power plants, the effect of the installation of water-gas shift reactor on the efficiency penalty was investigated. The net efficiency was reduced 5.4 points by installing water-gas shift reactor. It was calculated that the efficiency of IGCC with post-combustion CO 2 capture will be better than that of IGCC pre-combustion 
